The $P_{cs}(4459)$ pentaquark from a combined effective field theory and






















The Pcs(4459) pentaquark from a combined effective field theory and phenomenological perspectives
Fang-Zheng Peng,1 Mao-Jun Yan,1 Mario Sánchez Sánchez,2 and Manuel Pavon Valderrama1, 3, ∗
1School of Physics and Nuclear Energy Engineering, Beihang University, Beijing 100191, China
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The observation of the Pcs(4459) by the LHCb collaboration adds a new member to the set of known hidden-
charm pentaquarks, which includes the Pc(4312), Pc(4440) and Pc(4457). The Pcs(4459) is expected to have
the light-quark content of a Λ baryon (I = 0, S = −1), but its spin is unknown. Being close to the D̄∗Ξc
threshold — 4478 MeV in the isospin-symmetric limit — the molecular hypothesis readily comes to mind as
a plausible explanation for this state. Here we explore the possible relations of the Pcs(4459) with the other
known Pc pentaquarks. SU(3)-flavor and heavy-quark symmetries suggest the existence of nearby D̄Ξ
′
c and




cs(4504) in reference to their expected masses. But the
D̄∗Ξc system is not related to the Pc’s in terms of neither of these two symmetries and we will have to resort
to phenomenology instead. If we assume light-meson (σ, ρ and ω) exchange saturation of the contact-range




c molecules, we will be able to predict
the existence of D̄∗Ξc pentaquarks. The mass of the Pcs(4459) will depend on its spin, with concrete calculations
yielding 4460−4480 MeV and 4442−4473 MeV for J = 1
2
and J = 3
2
, respectively. Thus spectroscopy suggests
a marginal preference for J = 3
2
(over J = 1
2
). The decay of a molecular Pcs(4459) into J/ψΛ (i.e. where it has
been observed) is expected to be four times larger for the J = 3
2
configuration than the J = 1
2
one, also favoring
the J = 3
2
interpretation if production rates happen to be similar.
The discovery by the LHCb collaboration of three hidden-
charm pentaquarks [1] — the Pc(4312), Pc(4440) and
Pc(4457) — has triggered intense theoretical efforts to decode
their nature, in particular whether they are molecular [2–11]
or not [12–16]. Recently a new hidden-charm pentaquark has
been found [17] — the P0cs(4459) — which we will simply de-
note as Pcs in this work. This pentaquark has been observed in
the J/ψΛ channel, from which it can be deduced that its quark
content is cc̄sqq with q = u, d. Its mass and widths are
MPcs = 4458.8 ± 2.9+4.7−1.1 , ΓPcs = 17.3 ± 6.5
+8.0
−5.7 , (1)
but the statistical significance of the signal is merely 3.1σ.
Besides, its spin and parity have not been determined yet.
It is also worth noticing that predictions of Pc and Pcs pen-
taquarks [18–20] have been there long before their eventual
observation.
The Pcs pentaquark lies a few MeV below the D̄
∗Ξc thresh-
old — 4478.0 MeV in the isospin symmetric limit — suggest-
ing a strong molecular component [21–23]. However there are
at least other two nearby thresholds: the D̄Ξ′c and D̄Ξ
′∗
c ones at
4446.0 and 4513.2 MeV, respectively (i.e. 32.0 and 35.2 MeV
away from the D̄∗Ξc threshold). If the spin of the Pcs pen-




), it will mix with the D̄Ξ′c (D̄Ξ
∗
c) chan-
nel, which will result into a molecular picture more complex
than that of the Pc pentaquarks (i.e. that of a single channel
D̄Σc or D̄
∗Σc molecule). If we consider the possible isoscalar
D̄Ξ′c and D̄Ξ
∗
c molecular states, one quickly realizes that ow-
ing to SU(3)-flavor and heavy quark spin symmetry (HQSS)
it is possible to make predictions [24]. For the D̄∗Ξ system
this is not the case though and we will have to resort to phe-
nomenology to deduce its interaction.
∗ mpavon@buaa.edu.cn
Effective field theory description: Before explaining how
symmetries inform the pentaquark spectrum, first we will
briefly explain the effective field theory (EFT) formalism we
follow. We will describe interactions among heavy hadrons
with a non-relativistic contact-range potential of the type
〈p′|V |p〉 = C , (2)
with C an unknown coupling constant, where this coupling




R, with R denoting some quantum-
number/representation, λR some coefficient/operator and C
R
the particular coupling that applies in each case. This type of
contact-range potential often appears in lowest- (or leading-
) order EFT descriptions of hadron-hadron interactions (con-
crete examples with full derivations can be found in Refs. [25–
28] for antimeson-meson molecules and in Refs. [5, 29]
for pentaquarks). Of course this is true provided that the
pion-exchange potential, which is the longest range piece
of the hadron-hadron interaction, is weak and thus sublead-
ing [30, 31] (otherwise it should be included at lowest-order).
The previous contact-range potential is singular though and
has to be regularized, which we do by introducing a regulator
function f (x) and a cutoff Λ, i.e.







where the coupling now depends on the cutoff C = C(Λ). For
the regulator we will choose a Gaussian, f (x) = e−x
2
, and
for the cutoff we will use the range Λ = 0.5 − 1.0 GeV. Fi-
nally this potential is included in a dynamical equation, such
as Schrödinger or Lippmann-Schwinger, for obtaining predic-
tions. If we choose Lippmann-Schwinger and are interested
in poles of the scattering amplitude, i.e. bound/virtual states
2






Mth + p2/(2µ) − Mmol
= 0,
(4)
where φ is the vertex function, which is defined as the the
wave functionΨ times the propagator (φ(p) = [Mth+p
2/(2µ)−
Mmol]Ψ(p)), V the potential, Mth the mass of the threshold
(i.e. the sum of the masses of the two hadrons comprising a
molecular candidate), µ their reduced mass and Mmol the mass
of the hadronic molecule we want to predict.
Light-flavor and heavy-quark symmetries. : Symmetry
constrains the potential binding the molecular pentaquarks. If
we begin by considering the three known Pc pentaquarks, in
the molecular picture they are thought to be D̄Σc and D̄
∗Σc
bound states. From the SU(3)-flavor perspective the Pc’s
are composed of a triplet charmed antimeson and a sextet
charmed baryon, which together can couple into the octet and
decuplet representations of SU(3), i.e. 3 ⊗ 6 = 8 ⊕ 10. The
flavor structure of the potential is thus
V(H̄cS c) = λ
OCO + λDCD , (5)
with Hc = D,D
∗ or Ds,D
∗









representing an arbitrary charmed meson or baryon, CO and
CD the octet and decuplet couplings and λO and λD a coeffi-
cient that depends on the particular antimeson-baryon config-
uration considered (they are explained in detail in Ref [24]).
From the HQSS perspective the potential between two
heavy hadrons can only depend on the spin of the light
quarks inside them. For the triplet charmed meson and sex-
tet charmed baryon the light-spins are S L =
1
2
and S L = 1,
respectively, which couple to 1
2




. However it is
more compact to express the light-quark spin structure of the
potential in terms of light-spin operators:
V(H̄cS c) = Ca +Cb ~σL · ~S L , (6)
with Ca and Cb couplings that represent the spin-independent
and spin-dependent pieces of the potential, respectively, and
~σL and ~S L the spin-operators for the light-spin degrees of
freedom within the charmed meson and baryon (for the nota-
tion in terms of light-spin check for instance Ref. [32], while
channel-by-channel potential can be found in Ref. [29]).
From the SU(3)-flavor and HQSS structure we have just
explained it is already possible to derive the existence of D̄Ξ′c
and D̄Ξ∗c molecular states [24]. First we notice that the stan-
dard molecular interpretation of the Pc(4312) pentaquark is
that it is a I = 1
2
D̄Σc bound state. Thus the decomposition of




) = COa , (7)
i.e. the octet SU(3)-representation and the HQSS part of the
potential that is independent of the spin of the light-quarks.
Any other molecular pentaquark with the same decomposition
will have the same potential as the Pc(4312) and consequently,
will be likely to have a similar binding energy. Among these
pentaquarks we have the I = 0 D̄Ξ′c and D̄Ξ
∗
c systems, for
which the potential reads
V(D̄Ξ′c, I = 0) = V(D̄Ξ
∗
c, I = 0) = C
O
a , (8)
where again only the octet, spin-independent piece of the
contact-range potential (COa ) is involved. From now on we
will simply write Ca = C
O
a , as the octet configuration is the
only one we are considering in this work.
If we determine this coupling from the Pc(4312), we can
predict the masses of the D̄Ξ′c and D̄Ξ
∗
c molecules, i.e. the
P′cs and P
∗
cs pentaquarks, with the formalism we already de-
scribed. The result happens to be M(P′cs) = 4436.7(4436.1)
and M(P∗cs) = 4503.6(4502.7) MeV for Λ = 0.5(1.0) GeV,
where similar predictions can be found in Refs. [24, 33].
If we now consider the Pcs, its most natural molecular inter-
pretation is D̄∗Ξc. This two-body system is not connected to
D̄Ξ′c, D̄Ξ
∗
c and D̄Σc neither by SU(3)-flavor nor HQSS sym-
metries. From SU(3)-flavor symmetry, the Pcs pentaquark
contains a triplet charmed antimeson and antitriplet charmed
baryon and is a combination of a singlet and an octet, i.e.
3 ⊗ 3̄ = 1 ⊕ 8. The concrete flavor structure of the potential
is unessential though, as we are only considering the I = 0,
S = −1 sector (i.e. D̄∗Ξc). Regarding HQSS, the antitriplet
charmed baryon contains a diquark with S L = 0, from which
we expect a trivial light-spin structure owing to 1
2




V(H̄cTc) = Da , (9)
with no spin dependence whatsoever and Tc = Λc,Ξc repre-
senting a generic antitriplet charmed baryon. In addition to
this, the H̄cTc and H̄cS c systems can coupled by means of a
transition potential of the type
V(H̄cTc − H̄cS c) = Eb ~σL · ~ǫL , (10)
with Eb a coupling, ~σL the spin-operator for the light-quark
within the charmed meson and ~ǫL the polarization vector of the
light-diquark in the sextet charmed baryon. The couplings Da
and Eb can be further decomposed in isospin and flavor rep-
resentations, but this is not necessary for the set of molecules





) = Da , (11)
while for the D̄∗Ξc we consider the coupled channel bases
B(J = 1
2























By including these potentials in a bound state equation such
as the coupled-channel extension of Eq. (4) we can calculate
the mass of the Pcs.
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) Ca Input Input 4311.9 ± 0.7+6.7−0.6
TABLE I. The HQSS structure of the potential for the Pcs molecular pentaquarks and predictions of their masses: “Molecule” refers to the
meson-baryon system under consideration (which might comprise one or two channels), I(JP) is the isospin, spin and parity of the molecule,
VC the contact-range potential, M(Λ) the predicted mass (in units of MeV) for the cutoff Λ (in units of GeV) and Mexp the experimental mass
of a suitable candidate pentaquark (if any). The contact-range potential for the pentaquarks considered in this work depend on three coupling
constants, Ca, Da and Eb, of which one (Ca) can be determined from the mass of the Pc(4312) pentaquark, M = 4311.9 ± 0.7+6.7−0.6 MeV. The
two remaining couplings (Da and Eb) can be estimated from phenomenology, in particular from light-meson exchange saturation [34], which
yields the relations Da ≃ Ca and Eb ≃ 0.33Ca from which the spectrum shown here has been deduced. For the masses of the heavy hadrons
we take the isospin averages of the values cited in [35].
Meson exchange saturation: The problem we have now
is that there are three couplings (Ca, Da, Eb) of which we
can only determine one (Ca from the Pc(4312)). Yet we can
resort to phenomenology for estimating the size of two un-
known couplings Da and Eb. In particular we will use light-
meson saturation, i.e. the idea that the contact-range cou-
plings of a given EFT are saturated by the exchange of light
mesons [36, 37], We choose the specific implementation of
Ref. [34], which is well adapted to the molecular case.
If we consider the scalar meson σ, in the non-relativistic
limit it generates a spin-independent potential with can con-
tribute to the saturation of Ca and Da (but not Eb), where fol-
lowing Ref. [34] we expect this contribution to be





with Fa = Ca,Da a generic name for the spin-independent
couplings, mS the mass of the sigma meson and gσi its cou-
pling, and the indices i, j = 1, 2, 3 referring to the D̄(∗), Ξ
(′/∗)
c
and Ξc, respectively. The proportionality constant is in princi-
ple unknown, but we will assume it to be the same for all the
couplings. Notice that saturation is expected to work for cut-
offs close to the mass of the meson being exchanged,Λ ∼ mS
in this case.
The vector mesons (ρ and ω) generate a more complex po-
tential which can be expanded in a multipole expansion simi-
lar to the one we have for electromagnetic interactions. There
are electric- (E0) and magnetic-type (M1) components that
will contribute to the Ca, Da and Cb, Eb couplings, respec-
tively, where it can be seen that the a and b subscripts do
indeed refer to the multipole expansion. The vector meson
contributions to these couplings are expected to be [34]












where Fa = Ca,Da and Fb = Cb, Eb, i, j indices referring to
the different hadrons involved, gVi the electric-type couplings,
fV the magnetic ones, mV the vector meson mass and M a
typical hadronic mass scale.
The only thing left is to determine the couplings: for the σ
we will use the linear-sigma model [38] and the quark model
(as in Ref. [39]), from which we get that the coupling of the
sigma to the nucleon is gσNN =
√
2MN/ fπ ∼ 10.2 (for the
fπ ≃ 132 MeV normalization), while for charmed hadrons
with only one q = u, d quark we end up with gσ1 = gσ2 =
gσ3 = gσNN/3 ≃ 3.4. For the E0- and M1-type couplings of
the vector mesons we resort to Sakurai’s universality and vec-
tor meson dominance [40–42], i.e. the mixing of the neutral
vector mesons with the electromagnetic current, which can be








where e is the proton charge, g = mV/2 fπ ≃ 2.9 the uni-
versal rho coupling constant (with mV the vector meson mass
and fπ ≃ 132 MeV the pion weak decay constant), Aµ the
photon field, ρ3µ the neutral rho field (the superscript refers to
the isospin index, a = 3 for the neutral component), ωµ the
omega field and µ a Lorentz index. By applying these substi-
tution rules to the interaction of the heavy hadrons with the
vector mesons, we will get the electromagnetic interaction for
the light quarks within the heavy hadrons and from this, we
can determine the gVi and fVi couplings. In practical terms
this means that gVi and fVi are proportional to the light-quark
contribution of the electric charge and magnetic moments of
the heavy hadrons, respectively. For the E0 couplings we
get gV1 = gV2 = gV3 = g. For the M1 couplings, we will
first make the decomposition fV = κVgV and use the choice
M = mN for the mass scale with mN ≃ 940 MeV the nucleon
mass. From this κV =
3
2
(µu/µn.m.), with µu/µn.m. the magnetic
moment of the u-quark within the Ξ+c /Ξ
(′/∗)+
c charmed baryon
expressed in units of the nuclear magneton (µn.m.). If we make
use of the quark model a second time, we obtain κV1 = κV2 =
3
2
µu/µn.m. ≃ 2.9 for the charmed antimeson and sextet strange
charmed baryon. For the antitriplet charmed baryon we have
instead κV3 = 0, which is a consequence of the two light-
quarks within the Ξc baryon being in a spin-0 configuration
4
The Eb coupling involves a M1 antitriplet to sextet transition




where µ(3̄→ 6) refers to the u-quark magnetic moment in the
3̄→ 6 light-diquark transition within Ξ+c → Ξ
(′ ,∗)+
c .


























where we have used mS = 600 MeV, mV = 770 MeV. Though
the inclusion of the Eb coupling is new to this work, Ca
and Da equivalents are to be found in the previous litera-
ture. The pioneering work of Ref. [18] and subsequent follow-
ups [19, 33, 45] which have indeed predicted the Pcs, use an
interaction compatible with the Ca = Da relation. Their cou-
pled channel dynamics is different though (the D̄∗sΛc-D̄
∗Ξc





they lack the Eb term. The recent work of Ref. [46], which
also represents a mixture of EFT and phenomenology, uses a
different method to guess the contact-range couplings leading
to Ca ≃ Da.
Predictions: With the ratios in Eq. 18 all that is left is
to determine Ca, which we do from the condition of repro-
ducing the Pc(4312) pole as a D̄Σc bound state, yielding
Ca = −2.17(−0.80) fm2 for Λ = 0.5 (1.0) GeV [5, 47]. This
cutoff window is not necessarily optimized for saturation to
work well, though it nonetheless covers the scalar and vector
meson masses and provides an estimation of the cutoff uncer-
tainties. We predict a total of five strange hidden-charm pen-
taquarks which we list in Table I . Of the two D̄∗Ξc molecules
we predict, the J = 3
2
state reproduces the mass of the new Pcs
better than the J = 1
2
one.
Uncertainties: The previous calculations depends on phe-
nomenological information, for which it is difficult to assess
uncertainties. Yet deviations from the previous predictions are
not only possible, but expectable. Nonetheless we can effec-
tively explore the theoretical uncertainties by modifying the
couplings by a sizable amount, which will propagate into the
predictions of the pentaquark masses.
The first obvious source of uncertainty we find is the cou-
pling Ca, which we have determined from the Pc(4312). Ow-
ing to SU(3)-flavor symmetry, Ca also describes the P
′
cs and
P∗cs pentaquarks. However SU(3) is not exact and deviations
at the 20% level are expectable. If we set Eb = 0 to eliminate
the couple channel effects, we quickly realize that the P′cs and




cs )| ≥ 0.52 (0.70) |Ca(Pc)| (19)
for Λ = 0.5(1.0) GeV, where we indicate which pentaquark
we are referring to in the parentheses. This bound holds al-
most unchanged if we change Ca(P
(′/∗)
cs ) by Db(Pcs), from
which we infer that the existence of the two D̄∗Ξ bound states
is robust. Still, Da has been derived from the phenomenolog-
ical relation in Eq. (18) for which the errors are difficult to
assess but could very well be at the 30% level (with the same













































FIG. 1. Uncertainty in the masses of the J = 1
2
and J = 3
2
strange hidden-charm pentaquarks if we vary the couplings Ca and
Da around their central values (10/20/30%), while leaving Eb as a
free parameter. We use Λ = 0.75 GeV, for which we expect Eq. 18




) the lower and higher mass poles
can be identified with a D̄Ξ′c and D̄
∗Ξ (D̄∗Ξ and D̄Ξ∗c) molecule. The
coupled channel effects stemming from Eb are in general modest, at
least for J = 1
2
and the bulk of the uncertainty actually comes from
Ca and Da. The experimental value is shown as a solid blue line,
while the dashed blue lines represent its upper and lower experimen-
tal error. For most set of values the new Pcs(4459) pentaquark can be





probably with a preference for the later.
For understanding the interplay between the uncertainty in
the couplings and the masses of the pentaquarks, we have
done the following visualization exercise: for a given pen-
taquark we will let Eb float freely, while varying the coupling
directly affecting the formation of said pentaquark (Ca or Db)
around their central values. For example, in the J = 1
2
D̄Ξ′c-
D̄∗Ξc system, we will vary Ca (while letting Da fixed) when
considering the lower mass state (D̄Ξ′c) and vice versa for the
higher mass state (D̄∗Ξc). This is a convenient way to prop-
agate the errors provided coupled channel effects are small.
For the cutoff we will use Λ = 0.75 GeV, a choice optimal
for saturation (i.e. Eq. 18) and which lies in the middle of
the Λ = 0.5 − 1.0 GeV cutoff window use in Table I. The re-
sults of this analysis are shown in Fig. 1, for Λ = 0.75 GeV
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where it can be appreciated that the uncertainty from the Ca
and Db couplings is larger than the one stemming from Eb (at
least if the deviations from saturation are below the 50% level
for the later). The dependence of the masses in Eb is modest,
suggesting that the coupled channel dynamics might be per-
turbative. If we take the central values of the couplings, vary
each coupling 30% around said values and sum the errors in








) = 4459.3+13.2−17.2 MeV , (21)
which translate into the 4458.8 − 4479.7 MeV and 4441.9 −





tions, respectively. The bottom-line is that it is not pos-
sible to unambiguously determine the spin of the Pcs pen-
taquark from spectroscopy alone with the current uncertain-
ties, though J = 3
2
provides a marginally better match in our
framework (for comparison, Refs. [18, 19] predicted degener-




argues for the J = 3
2
identification).
Even though it is not possible to clearly discriminate the
spin of the Pcs from spectroscopy, the mechanism we propose





) − M(P∗cs, J = 32 ) = 13.6
+9.0
−9.2 MeV , (22)
though this is actually a consequence of the coupled chan-
nel dynamics, which requires M(J = 1
2
) > M(J = 3
2
) (a re-
cent calculation yields a comparable (2.4−20.0) MeV splitting
after including the aforementioned coupled channels [49]).
Thus if a second Pcs peak were to be discovered in a experi-
ment, the lower mass one could likely be identified with the
J = 3
2
D̄∗Ξc system (provided its nature is molecular).
Finally the experimental determination of resonance
masses usually relies in the Breit-Wigner parametrization.
Other parametrizations might yield different masses, as hap-
pened with the Pc(4312) [9], the Zc(3900/4020) [50], and the
Zcs(3985) [51]. Thus the mass of a molecular Pcs might not
coincide with the experimental determination of Ref. [17].
Decay into J/ψΛ: The observation of the Pc(4459) in the
J/ψΛ channel actually provides further circumstantial evi-





into its heavy- and light-quark spin components, we find



























which is to be compared with




where S H and S L refer to the heavy- and light-quarks spin.
If the decay preserves HQSS [52] the expect the following
relation between matrix elements:
〈J/ψΛ|H|D̄∗Ξc(J = 12 )〉 =
1
2
〈J/ψΛ|H|D̄∗Ξc(J = 32 )〉 ,
(26)
which for degenerate D̄∗Ξc states implies that the partial decay




configurations will show a 1 : 4
ratio (a recent calculation obtains 1 : 4.35 [53]). Of course,
this does not determine the spin of the Pcs(4459) by itself, but
nonetheless indicates that, ceteris paribus, the probability of
discovering the J = 3
2
molecule in the J/ψΛ invariant mass
distribution will be larger than for its J = 1
2
partner. But this
conclusion is dependent on the production rates from the Ξb
decays, which could be determined by adapting the methods
of Refs. [54, 55] (originally formulated for the three Pc pen-
taquarks) to the new Pcs.
Summary: The Pcs(4459) is the latest piece of the pen-
taquark puzzle. Its closeness to the D̄∗Ξc threshold suggests
that it might be a bound state of these hadrons. Then the ques-
tion is what is the connection of the Pcs(4459) with the well-
known Pc(4312), Pc(4440) and Pc(4457) in the molecular hy-
pothesis. At first sight the answer is unclear: the D̄∗Ξc system
is not directly connected by SU(3)-flavor and HQSS with the
D̄Σc and D̄Σ
∗
c systems, which are the usual molecular inter-
pretations of the three Pc pentaquarks. However if we resort
to phenomenological arguments then we can bridge the gap
between the new Pcs and the previous Pc’s and the existence
of D̄∗Ξc molecules can be predicted. There are two possi-
ble spin configurations for a molecular Pcs, which in principle




c coupled channel dynamics has important
implications for spectroscopy, as this mechanism generates a
sizable hyperfine splitting. With the previous ingredients we
are able to formulate a coherent picture of the four aforemen-
tioned pentaquarks (i.e. same formalism, parameters, etc.)
and predict the existence of two peaks close to the Pcs(4459)
mass with different spectroscopic and decay properties.






, the mass of this molecular pentaquark will be 4460 −
4480 MeV and 4442 − 4472 MeV, respectively, which prima
facie marginally favors the later. But theoretical errors in the
masses make it unpractical to determine the spin of the new
pentaquark from spectroscopy alone. In this regard, the
partial decay widths of the two spin configurations to J/ψΛ,
where the Pcs have been discovered, approximately differ by
a factor of four, making the J = 3
2
considerably easier to de-
tect in this channel. Of course this is only true provided all
other effects are similar, which in turn begs for further explo-
rations into the Pcs production rates. Independently of their
spin, the existence of two possible D̄∗Ξc molecules, plus three
other strange hidden-charm pentaquarks, holds up well within
the expected uncertainties of a phenomenological approach.
As happened with the Pcs, these additional pentaquarks could
eventually be observed by means of their J/ψΛ decays and
future experiments might be able to observe them.
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